Introduction
The resident microorganisms in soil can be released from the soil debris and concentrated so that they can be viewed by transmission electron microscopy as thin sections (1, 2) or replicas of frozen-etched preparations (3) . For thin-sectioning (1, 2) ,most ofthe gritty soil debriswas removed by an exhaustive centrifugal washing procedure, but the freeze-etching technique (3) used only a 'Received July 4, 1974 . 'This research was authorized for publication as paper No. 4720 in the journal series of the Pennsylvania Agricultural Experiment Station on June 26, 1974. blending -simple centrifugation procedure. The gritty soil debris presented less of a problem for this technique. In these studies, both the thinsectioning and freeze-etching procedures yielded information on the size distributions of the cells in the soils studied. Thin-sectioning, in addition, revealed the internal fine structures of the cells, while freeze-etching proved useful for evaluating the surface structures and shapes of the cells.
The object of the present study was to develop a simple and rapid technique for releasing and concentrating the microbial cells from soil so that portions of the cell concentrate could be examined by thin-sectioning, freeze-etching, or both. The results of this technique would then be compared with those of the previously reported methods in terms of the sizes and types of cells recovered from the soil. Lastly, since the freezeetching technique can be performed in the presence of relatively large amounts of soil debris, it would, in addition, be used to evaluate the possible microbial contents of soil debris fractions normally discarded in the soil work-up procedures, and of crude soil slurries which had not been subjected to cell release procedures.
Materials and Methods

Soil Sample
A local Hagerstown silty clay loam (pH 6.0, plate count 4.0 x lo6 at the time of use, moisture content 25%, organic content 3.5%) was used in this study. This sample consisted of the top 15 cm of soil collected directly beneath the surface vegetation, and it was stored in bulk at room temperature for about 1 year in a sealed polyethylene bag.
Cell Release and Concentration
Three methods of releasing and concentrating the microb~al cells from this soil were evaluated. Method A was a blending -simple centrifugation procedure previously reported (3) . The soil was not prefixed, and 0.1% sodium pyrophosphate as a deflocculating agent was used throughout for soil and cell suspensions. The final cell pellets were examined by thin-sectioning and freezeetching.
Method B was a blending-sonication-centrifugation procedure. Fifty grams of soil, which had not been prefixed, was mixed with 100 ml of 0.1% sodium pyrophosphate and blended in a Waring Blendor for 1 min (two 30-s treatments separated by a 30-s rest interval). This soil suspension was then centrifuged at 650 x g for 5 min.
The supernatant fluid was decanted and retained, while the pellet was resuspended In 100 ml of fresh 0.1% sodium pyrophosphate and blended as above. This suspension was centrifuged at 650 x g for 5 min, and the supernatant fluid was decanted and retained. The pellet was again resuspended in 100 ml of fresh 0.1% sodium pyrophosphate, but this time was sonicated for 1 min in a Bioson~c I1 oscillator (Brownwill Scientific, Inc., Rochester, New York) operating at 38 W acoustic energy at the probe tip. This suspension was centrifuged at 650 x g for 5 min, and the supernatant fluid was decanted and retained, while the pellet was resuspended in an additional 100 ml of 0.1% sodium pyrophosphate and sonicated for 1 min at 63 W acoustic energy. This final suspension was centrifuged at 650 x g for 5 min, and the supernatant fluid was decanted and retained. The pellet from this centrifugation was called the "pellet fraction" and was examined by freeze-etching for cells possibly not released by the above procedures. The supernatant fluids from the above four centrifugations were comb~ned, mixed thoroughly, and divided Into two equal samples. These were centrifuged at 23 300 x g for 20 min, and the supernatant fluid, which did not contain cells, was discarded. (The lack of cells in this final d~scard supernatant fluid was shown by centrifuging 20 ml at 48 200 x g for 2 h and by examining the very small resulting pellet by electron microscopy as a 1% phosphotungstic acid negative stain.) The paired pellets from the above centrifugation at 23 300 x g were called the "main fraction," and one was examined by thin-sectioning, and the other by freeze-etching. T o facilitate electron microscopy preparation procedures, only the uppermost layer of the pellet was examined in the case of the thin-sectioning. For freeze-etching, however, the entire pellet was examined.
Method B was also carried out using both glutaraldehyde and Os04 prefixations of the soil. For glutaraldehyde, 50 g of soil was shaken 24 h at room temperature with 100 ml of 2.5% glutaraldehyde (dissolved in 0.1 M phosphate buffer at pH 7.3). The residual glutaraldehyde was removed by four 100-ml centrifugal washings in sterile phosphate buffer at 23 300 x g for 20 min. The resulting pellet was then subjected to cell release method B. In the case of OsO, prefixation, 25 g of soil was placed in 1% 0 0 s 4 in Kellenberger buffer (6) for 24 h at room temperature. Residual O s 0 4 was removed by four 50-ml centrifugal washings in sterile Kellenberger buffer at 23 300 x g for 20 rnin. The final pellet was then subjected to cell release method B, except that all volumes were reduced by 50% to avoid handling the larger quantities of Os04.
Method C was an exhaustive centrifugal washing procedure resembling that previously reported (I, 2). Portions of soil, 20 g, were prefixed by shaking in centrifuge tubes for 1.5 h at room temperature with 20 ml of 1% OsO, in Kellenberger buffer. Residual fixative was washed from the fixed soils with distilled water by using four 10-min centrifugations at 12 100 x g. The pellet was then resuspended in 20 ml of 0.1% sodium pyrophosphate, shaken thoroughly on a small reciprocating shaker for 5 rnin, and centrifuged at 665 x g for 5 min. The supernatant fluid was decanted and retained while the soil pellet was resuspended in 20 ml of fresh 0.1% sodium pyrophosphate for centrifugation at 821 x g for 5 rnin. The supernatant fluid was again decanted and retained, and the soil sediment was resuspended in fresh 0.1% sodium pyrophosphate. This procedure was then repeated with centrifugations at 1850 and 5061 x g, with all supernatant fluids being retained. The entire procedure was repeated three additional times, and all supernatant fluids were again retained. The residual soil pellet was then resuspended in 20 ml of fresh 0.1% sodium pyrophosphate, subjected to sonic treatment for 1 min at 31 W acoustic energy, and shaken for 5 min. This suspension was subjected to sequential washings at increments of centrifugal force as above, and all supernatant fluids were retained. The resulting soil pellet was again treated in a similar manner, except that sonic-treatment power levels of 62, 94, and 125 W acoustic energy were applied before each shaking and centrifugation series. The final soil pellet was termed the "low-speed pellet fraction" and was examined by freeze-etching. All sodium pyrophosphate solution supernatant fluids were combined, mixed thoroughly, and divided into four equal samples. These were centrifuged at 12 100 x g for 10 min and the resulting supernatant fluids were discarded. The four pellets were washed by three 10-min centrifugations in distilled water at 12 100 x g. Two of the resulting pellets were termed the "pre-Ludox cell pellet fraction," and one was examined by thin-sectioning and the other by freeze-etching. (For thin-sectioning, only the uppermost portion of the pellet was used.) Each of the two remaining pellets was centrifuged on a Ludox HS40 (E.I. du Pont de Nemours and Co., Inc., Wilmington, Delaware) density gradient at 63 300 x g for 30 min (10-mI cell suspension overlaid on 20 ml of Ludox HS40). The dark band which formed above the packed sediment during this centrifugation was removed with a syringe fitted with a 4-in. cannula (Becton, Dickenson and Co., Rutherford, New Jersey). This material was centrifuged at 12 100 x g for 20 rnin, and the resulting pellet was washed free of gradient material with three 10-min centrifugations in distilled water at 12 100 x g. Each of the resulting pellets was termed the "final Ludox fraction," and one was examined by thin-sectioning and the other by freeze-etching. The remaining supernatant fluids from the Ludox density gradient centrifugations were decanted, pooled, and centrifuged at 23 300 x g for 20 rnin. The resulting pellet was washed with one 20-min centrifugation in distilled water at 23 300 x g. It was termed the "Ludox supernate fraction" and was examined by freeze-etching. The pellets remaining from the Ludox density gradient centrifugations were washed free of gradient materials with two 20-min centrifugations in distilled water a t 23 300 x g. These pellets were termed the "gradient pellet fraction" and were examined by freeze-etching.
In addition to the above methods, a crude slurry of soil was prepared, with no attempt made to release and concentrate the cells, for viewing by the freeze-etching technique. Fifty grams of soil was suspended in 20 ml of distilled water so that the soil sample could be handled with a small pipette while transferring it to specimen discs for the freeze-etching process.
Electron Microscopy
The procedures used are variations on those reported earlier (1-3). The pellet fraction samples from method B and the low-speed pellet fraction of method C were each prepared for freeze-etching by suspending in 10 ml of distilled water. All other cell release fractions were prepared for freeze-etching by diluting to a thick liquid consistency with distilled water. The crude soil suspension did not require further treatment before freeze-etching. The prepared samples were placed on 3-mm gold specimen discs, frozen in Freon 22, and transferred to liquid nitrogen. They were then fractured, etched for 1.5 rnin, and replicated in a Balzers BA 360 M freeze-etching device at -100C by the procedure of Moor and Muhlethaler (7). The platinum-carbon replicas were cleaned in 12.5% H F for I h, rinsed with distilled water, treated in Clorox (Clorox Co., Oakland, California, 5.25% NaCIO) for 30 rnin, and then rinsed several times with distilled water. These cleaned replicas were picked up on uncoated 400-or 500-mesh copper grids and viewed in a Philips EM-300 electron microscope operating at 60 kV. All replicas were scanned at magnifications of 16 000-32 000 for cells which could be identified according to the criteria of Balkwill and Casida (3). All cells were photographed, and their diameters were measured on the negatives.
All samples for thin-sectioning, except for the 0~0,-prefixed sample in method B, were postfixed in 1% OsO, in Kellenberger buffer for 17 h at room temperature. They were then stained in 0.5% uranyl acetate in Kellenberger buffer for 2 h, dehydrated through a graded acetone series, and embedded in Spurr's low-viscosity resin (10) Sections (ranging from 60 to 90 nm in thickness) were c u~ on a LKB Ultratome I11 ultramicrotome using a DuPoni diamond knife and picked up on formvar-carbon-coatec 200-mesh copper grids. They were then poststained ir 0.5% uranyl acetate in methanol for 15 rnin to I h followed by 0.4% lead citrate for 1-5 rnin (9), and viewed in a Philips EM-300 electron microscope operating a1 80 kV. Sections were scanned at a magnification oi 25 500 for cells. The cells were photographed, and thei~ diameters were measured on the negatives.
Results
The size distributions of microbial cells released by method A and viewed as thinsectioned and frozen-etched preparations are given in Table 1 . Most of the cells were either Gram-positive or Gramrnegative bacteria, ranging from about 0.15 pm to just over 1.0 pm in diameter. The average cell diameters for all cells ranged from 0.41 to 0.47 pm. However, dwarf cells (2) 2 0 . 3 pm in diameter accounted for 27-32% of all cells observed. Although no prefixation was used, the fine structural details of the cells were well preserved (Fig. 1) . A considerable amount of soil debris remained in the samples (Fig. I) , but the cells were easily distinguished from the soil debris in the thin sections. It was often necessary, however, to search carefully for the cells in the replicas of frozen-etched samples (3).
The size distributions of the cells released into the main fraction of method B without prefixation differed slightly from those obtained by method A, in that on the average, the cells were somewhat smaller for method B (Table 1) . In this case, 3 6 4 1 % of the cells were 1 0 . 3 pm in diameter, and the average cell diameters ranged from 0.37 to 0.40 pm. The types of cells released and their fine structural preservation were essentially identical with those in method A (Fig. 2) . The amount of residual soil debris was lower than with method A (especially for freezeetching), and the cell recognition in replicas of frozen-etched specimens was easier (compare Fig. 2a with Fig. la) . The ease of thin-sectioning appeared to be no different than in method A.
The cell size distributions for the main fraction of method B, using a glutaraldehyde prefixation, were about the same as those obtained without prefixation, whether determined by thin-sectioning or freeze-etching (Table 1 ). In the case of the OsO, prefixation, however, 52% of the cells in the main fraction were 1 0 . 3 pm in diameter, as E M F = maln fract~on; P F = pellet fract~on, P P F = pre-Ludox cell pellet fract~on; F L F = final Ludox fract~on; crude = so11 slurry In which n o attempt a t cell release was made.
bFor all cells in the sample. <Data from Balkw~ll and C a s~d a (3)
determined by thin-sectioning, and the average cell diameter was only 0.32 pm ( Table 1) . The results for freeze-etching, on the other hand, were about the same as in the glutaraldehyde prefixed and unfixed main fraction samples (Table 1) . In terms of cell types released, fine structural preservation, residual soil debris, ease of thin-sectioning, and ease of cell recognition, both of the prefixed main fraction samples were identical with the unfixed ones. Examination by freeze-etching of the pellet fraction of method B without prefixation revealed that some of the cells had not been washed out into the main fraction, but the numbers left behind could not be quantitated. These cells were generally larger than those in any of the main fraction samples, having an average diameter of 0.69 pm. While 10% of the cells in this pellet were 1 0 . 3 pm in diameter (Table l) , 10% were also over 1.0 pm in diameter, which is considerably more than found for any of the cell release fractions. The types of cells found in the pellet fraction did not differ from those in the main fraction, but several microcolonies were present (Fig. 3) . Microcolonies have never been observed, however, in the main fraction samples. About 50% of the cells in the pellet fraction were either embedded in or surrounded by soil debris (Fig. 4) . This made cell recognition difficult in these replicas and, sometimes, cell diameters could not be measured because too great a portion of the cell was obscured. In addition, the gritty soil materials prevented smooth fracturing and, consequently, replicas were often damaged. Thus, the numbers of samples for this and the prefixed pellets were relatively small (Table 1) . No attempt was made to cut thin sections of this pellet fraction material.
The cell-size distributions for cells remaining in the pellet fraction of method B, using glutaraldehyde and OsO, prefixations, are given in Table 1 . Although there were fluctuations in the cell size distributions, the cells in general were larger than those in the main fraction samples, average diameters being 0.68 pm and 0.57 pm, respectively, for glutaraldehyde and OsO, prefixations. Except for the differences in the cell sizes, neither of the prefixed pellet fraction samples differed from the unfixed one.
Examination of the low-speed pellet fraction of method C with freeze-etching revealed that some soil cells remained in this fraction despite the exhaustive centrifugal washing procedures used during cell release. The numbers of cells present appeared to be lower than in the pellet fraction of method B, but not greatly so. They were of the same types as observed in the other cell release methods, and their fine structural preservation was good. However, almost all of the cells were embedded in or surrounded by soil debris and, therefore, difficult to recognize. This sample was especially difficult to freeze-etch and, therefore, the cell-size distributions were not determined. The cell-size distributions for cells released into the pre-Ludox cell pellet fraction of method C (Table 1) were similar to those obtained in the main fraction of method B (with or without prefixation). The average cell diameters were also similar. In addition, this sample was virtually identical with the main fraction of method B in terms of cell types released, preservation of fine structure, residual soil debris, ease of thinsectioning, and ease of cell recognition on replicas of frozen-etched samples.
The cell-size distributions for the final Ludox fraction of method C, as determined by thinsectioning and freeze-etching, are given in Table  1 . Dwarf cells 1 0 . 3 pm in diameter accounted for 43-50% of the cells, and the average cell diameters ranged from 0.35 to 0.36 prn, just slightly smaller than the pre-Ludox cell pellet fraction. The appearance of the final Ludox fraction was quite different from all other samples, however. Almost no soil debris was visible in either the thin-sectioned or frozenetched preparations (Fig. 5) . Thus, it was easy to detect cells in replicas of frozen-etched samples, and thin sections were somewhat easier to obtain than with any of the other samples. The cell fine structure was not visibly affected by the Ludox procedure, and the types of cells obtained were the same as those in the pre-Ludox cell pellet fraction.
Examination of both the Ludox supernate :IOL. VOL. 21, 1975 fraction and the gradient pellet fraction of method C by freeze-etching revealed that some cells remained dispersed throughout both the Ludox supernatant material and the pellet material formed during centrifugation. The numbers of cells in these areas (i.e., not concentrated into the band) could not be quantitated, but did appear to be considerable. The cells in these fractions were no different in appearance than those in the final Ludox fraction. Cell-size distributions in the crude soil slurry (no cell release or concentration), as determined by freeze-etching, are given in Table 1 . Dwarf cells 5 0 . 3 pm in diameter accounted for 3 1 % of the cells, and the average cell diameter was 0.43 pm. Thus, these data are in general agreement with those for the concentrated preparations of released soil cells, and do not resemble the data for cells still left in the discard pellet fractions (as in method B) after most of the cells have been removed. The cells were again mostly bacterial, and their fine structural details were well preserved (Fig. 6) . However, most of them were embedded in or surrounded by soil debris and, thus, were hard to recognize. 1n extreme cases, only small patches of membrane were visible among large pieces of soil debris (Fig. 7) . A number of these cells could not be measured. because they were largely obscured by soil debris. Freeze-etching of the crude slurry was more difficult than for any of the other samples. The sample often cracked during freezing, or broke off at its base during fracturing. Because of the coarseness of the samples, replicas were badly torn, and only small fragments of viewable replicas were successfully brought through the cleaning procedure. Nevertheless, when good replicas were obtained, it was repeatedly possible to detect the cells.
Discussion
The procedures used in this study provide a convenient and reliable means of releasing and concentrating microbial cells from soil for examination by electron microscopy. The results obtained by the three methods support our the cell pellet of method A, the main fraction of previous findings (1-3) that a sizable portion method B, and the pre-Ludox cell pellet fraction (ranging from 27 to 83%, depending on conditions of method C), thin-sectioning can be facilitated and soil) of the soil microbial cells are dwarf cells by using only the uppermost layer of the cell 1 0 . 3 pm in diameter. In the present study, pellets. This layer, which seems to contain most 25-50% of the cells observed were in this size of the cells, is generally darker than the rest of range, regardless of which cell release method or the pellet, which consists primarily of clay. By electron microscopy technique was used. This using only the uppermost layer of the pellet, the was also true for the crude soil slurry, which did amount of clay, which is difficult to infiltrate not involve cell release and concentration procedures.
Generally, thin-sectioning and freeze-etching gave similar results as to cell types and cell-size distributions when used on similar samples. In addition, the use of either glutaraldehyde or OsO, prefixations (as compared with no prefixation) did not greatly affect the results, at least as observed with method B. These findings are in accordance with those reported earlier (3).
with the embedding resins, can be reduced. Nevertheless, thin sections can be made from the entire cell pellet if desired. Use of only the uppermost layer of the cell pellet, in addition, provides a sample in which the cells are more concentrated, an advantage that can also be applied to freeze-etching. In the present study, however, the entire pellet was always used for freeze-etching as a check against possible cell loss occurring when only the uppermost layer In general, it appears that the three cell release of the cell pellet was used in thin-sectioning. methods yield a similar picture of the soil micro-Since the results of thin-sectioning and freezeflora and that, based on the results obtained for etching were quite similar, it appears that no crude soil slurries (Table l) , this picture is significant cell loss was occurring. representative of the cells in the undisturbed soil Even though it is not necessary to extensively sample. Other considerations should, therefore, remove the soil debris for thin-sectioning, it is be taken into account in selection of the method still desirable to remove as much of it as is Dracto be used. As reported previously, thin-tical. This not only increases the ease of thinsectioning requires that all gritty soil debris be sectioning but also improves cell recognition in removed from the sample (1, 2) . In those studies, replicas of frozen-etched preparations. In this this was accomplished with exhaustive centri-respect, method B has a slight advantage over fugal washing techniques similar to method C. method A and, therefore, is preferable to it, The present study, however, indicates that only especially since neither procedure is very time the coarsest soil materials need be removed and, consuming. The exhaustive centrifugal washing therefore, less exhaustive procedures suffice to procedure of method C, used without the Ludox provide samples that can be thin-sectioned with-gradient, resulted in cell types, cell-size distribuout serious difficulties. In method A. the coarse tions. and amounts of soil debris which were debris was simply allowed to settle out of sus-quite similar to those for method B. Thus, at pension, while in methods B and C (up to the least for the soil studied, there is no reason for Ludox density gradient), it was removed with using this very time-consuming procedure with low-speed centrifugations. Since all of these respect to removing soil debris or obtaining a samples could be thin-sectioned successfully, it representative sample of soil cells. However, in is not necessary to use the Ludox density gradient situations where it is desirable to remove almost procedure to obtain samples of soil cells for all of the soil debris, the Ludox procedure in thin-sectioning. method C might prove useful. (It could, of This study also indicates that, when working course, be used with method B, thus bypassing with comparatively rough preparations (such as the lengthy exhaustive centrifugal washing pro- cedure.) The Ludox fractionation procedure, nevertheless, can apparently present problems, as it did in the present study. While it does not seem to result in the loss of any specific cell types or sizes, cells in addition to those in the cell band were found in both the centrifugation pellet (gradient pellet fraction) and the remaining gradient materials (Ludox supernate fraction). Also, the cells in the cell band were not easily separated by centrifugation from the contaminating Ludox of the band. Thus, there seems to be some uncontrolled variable associated with the Ludox procedure.
Examination of the pellet fraction of method B and the low-speed pellet fraction of method C shows that there are some limitations as to the numbers of cells which can be successfully released and washed out of the soil by these methods. As reported earlier (3), method A left behind some cells in the discard pellet. With methods B and C, which were more fully examined in this regard, cells were present in the discard pellets as microcolonies and as individual cells associated with pieces of soil debris, but their numbers could not be quantitated. Apparently, blending and sonication in sodium pyrophosphate solution were not able to break up these microcolonies completely, nor release all of the cells from the soil particles; thus, they settled with the soil debris during the low-speed centrifugations. In the case of the pellet fraction of method B, there were some free cells, i.e., cells not associated with microcolonies or soil particles. These were seldom observed in the low-speed pellet fraction of method C, apparently because they were removed by the exhaustive centrifugal washing procedure. These cells, however, did not seem to affect greatly the cell-size distributions in the final pellets of method C : compare the pre-Ludox cell pellet fraction of method C with the main fraction of method B (Table 1) . It would appear, therefore, that method B is the method of choice, unless it is necessary to wash out as many as possible of the free cells, in which case method C, or one like it, might be necessary. It is not known how these soil-attached microcolonies and embedded cells would affect soil dilutions for platings. It is assumed, however, that they would have a profound effect on results, because the procedures of releasing cells from soil for plating are less rigorous than those used in the present study.
Microcolonies and cells associated with soil debris, as seen in the pellet fraction of method B and the low-speed pellet fraction of method C , were more frequently observed in the crude soil slurry. Therefore, these are probably indicative of the actual situation in the undisturbed soil habitat. Using different methods of observation, others have also reported that soil cells are situated in microcolonies or are embedded in or on soil aggregates (4, 5, 8, (11) (12) (13) . Since these microcolonies must be disrupted in preparing specimens for thin-sectioning, it would seem that they cannot be studied directly by this technique. In contrast, freeze-etching, which does not necessarily require soil disruptions, may prove useful for studying these microcolonies and the in situ spatial relationships of soil microorganisms.
It is apparent, thus, that thin-sectioning and freeze-etching can both be used on cells which have been released and concentrated from soil by these methods. For these preparations, thinsectioning provides a greater amount of information, because the fine structural detail of the cells is exposed. The freeze-etching, however, although providing less of this type of information, allows detection and study of cells in preparations containing too much gritty debris for sectioning to be accomplished.
